Objective: To assess the influence of hyperoxygenation on surgical site infection by using the most homogeneous study population.
S

URGICAL SITE INFECTION
(SSI) constitutes a significant problem following elective and emergency operations and is the most common nosocomial infection in the surgical patient. 1 The postoperative infection rate approaches 10% to 20% following potentially contaminated surgery such as colorectal operations. 2 Besides being a medical problem per se, SSI is associated with significant prolongation of the hospitalization period and with the related economic aspects. The cause of SSI is multifactorial depending on the overall well-being of the patient, including nutritional, immunological, and hemodynamic status, [3] [4] [5] appropriate prophylactic antibiotics, 6, 7 and fair operative technique. [8] [9] [10] Additional factors that influence SSI (and are sometimes controversial) include operative time, core body temperature, blood transfusions in proximity to surgery, postoperative pain, and tissue oxidative tension. 11 In recent studies, the possibility of reducing SSI by perioperative hyperoxygenation has been raised, but the data obtained from the related randomized, controlled trials remain controversial. In 3 studies, perioperative inhalation of an oxygen-enriched (80%) mixture led to significant reduction of SSI following miscellaneous or only lower gastrointestinal tract surgery. [12] [13] [14] However, in another 3 randomized, controlled studies concerning various gastrointestinal tract, colorectal, or gynecological operations, perioperative hyperoxygenation was not associated with an improved rate of SSI. [15] [16] [17] [18] However, in meta-analyses gathering almost all of the participating subjects (except the most recent article, by Meyhoff et al 18 ), cumulative results favor the use of hyperoxygenation for SSI reduction. [19] [20] [21] One of the principal reasons for such mixed results may be that prior trials have entered a heterogeneous population of patients and procedures, which may have precluded the discovery of small but im-portant differences. To overcome this problem, we performed a randomized, controlled trial in a patient population with a single diagnosis (acute appendicitis), using 1 surgical standard approach (open appendectomy through a McBurney incision in the right lower quadrant of the abdomen). Hence, the aim of our study was to obtain solid information considering the effects of hyperoxygenation on SSI following this procedure in a relatively homogeneous study population. In addition, as it is the most common emergent operation in surgery, reducing the SSI rate and convalescence time following acute appendicitis may carry the most significant economic gains.
METHODS
PATIENT CHARACTERISTICS
We performed a double-blinded, randomized, controlled trial of perioperative hyperoxygenation, with adult patients (aged Ͼ15 years) having an open appendectomy for acute appendicitis between November 1, 2006, and May 31, 2009. The operation was done through a McBurney incision in the oblique right lower quadrant of the abdomen. The decision to operate was based on clinical criteria (right lower quadrant pain, local tenderness, etc), blood test results, and results of imaging modalities (ultrasonography or abdominal computed tomography) suggestive of acute appendicitis. Written informed consent was obtained from each patient in accordance with the Declaration of Helsinki, and the study was approved by the local ethics committee. Parental consent was obtained when the patient was younger than 18 years.
All subjects were categorized as having an American Society of Anesthesiologists score of 1 or 2. Patients with chronic obstructive pulmonary disease, severe malnutrition (serum albumin concentration Ͻ3 g/dL; to convert to grams per liter, multiply by 10), or immunodeficiency disease were excluded from the study.
STUDY PROTOCOL
Preoperative antibiotics against gram-negative and anaerobic bacteria were given to all patients, including intravenous aminoglycosides (gentamicin sulfate, 5 mg/kg) and metronidazole (500 mg). When intraoperative findings indicated gangrenous or perforated appendicitis, antibiotic treatment lasted for 5 days. Anesthesia was introduced with fentanyl citrate (1-5 µg/kg), propofol (2 mg/kg) or thiopental sodium (4 mg/kg), and rocuronium bromide (0.5 mg/kg) or atracurium besylate (0.5 mg/kg), following preoxygenation by mask. Midazolam maleate was additionally prescribed (1-2 mg). Anesthesia was maintained with nitrous oxide with oxygen (in a ratio depending on group selection), isoflurane, 1%, rocuronium bromide or atracurium besylate (0.10-0.15 µg/kg), and fentanyl citrate (5-10 µg on demand). Ventilation was mechanically controlled at a frequency and tidal volume to maintain normocapnea. Adequate hydration and core temperature (measured in the distal esophagus) were strictly maintained during the operation and convalescence. Oxygen saturation was measured with pulse oximetry during anesthesia and the recovery period. Arterial blood for the measurement of partial pressure of oxygen was obtained after anesthesia was induced (before starting surgical manipulations), during surgery (just before wound closure), and 2 hours after recovery from anesthesia (before discharge to the department of surgery).
Randomization of the patients was stratified after the induction of anesthesia and endotracheal intubation, when each patient was assigned to 1 of 2 groups according to the selection of a sealed envelope by the anesthesiologist. In the control group, the patients received a mixture of 30% oxygen and 70% nitrogen, while in the study group, the fraction of inspired oxygen (FIO 2 ) was 80% (combined with 20% air). In the recovery room following completion of the operation, the patients in the study group received high-flow oxygen (10 L/min) through a nonrebreathing mask with a reservoir for 2 hours, while a nasal cannula was used to deliver oxygen (4 L/min) in the control group. The surgeons were not informed about the mode of oxygenation. Following the recovery period, the data containing FIO 2 and arterial blood gas results were sealed in the envelope to be evaluated at the completion of the study. The surgeons were not allowed to see the patients during the period in which they were receiving oxygen in the recovery room. Consequently, the patients as well as the surgical team (including the investigators) were blinded to the category of study population.
We recorded relevant parameters that might influence wound infection, including medical history (particularly diabetes, hypertension, and ischemic heart disease), body mass index, smoking history, inflammatory bowel disease, and intraoperative variables such as basic hemodynamic data, urine output, core temperature, oxygen saturation, and relevant laboratory values.
Following resection of the inflamed appendix, the surgical wound in the right lower quadrant of the abdomen was meticulously irrigated and sutured with absorbable sutures. The skin was closed using metal clips (including cases of gangrenous appendicitis).
We have classified the results of the histopathological analysis of the resected specimen into 4 subgroups: normal appendix without inflammatory changes, acute appendicitis, phlegmonous appendicitis, and gangrenous appendicitis (with or without perforation and local peritonitis).
The primary end point was SSI within 14 days of surgery. The secondary end point was the duration of postoperative hospitalization.
SURGICAL SITE EVALUATION
During hospitalization, surgical wounds were evaluated daily by the residents and senior surgeons, all blinded to the FIO 2 assignment (0.30 or 0.80). After patient discharge, further wound evaluation was done at the surgical outpatient clinic by an experienced senior surgeon within 2 weeks after surgery; when necessary, additional visits were scheduled. Surgical site infection was evaluated clinically according to obvious signs and symptoms such as local induration and erythema, purulent discharge, and the need to explore the wound. Supportive results included increased white blood cell count, fever, radiological evidence of infectious collection, positive culture findings, and resolution of mild infectious findings following antibiotic treatment. We used the ASEPSIS (additional treatment, serous discharge, erythema, purulent discharge, separation of deep tissues, isolation of bacteria, and stay in hospital prolonged Ͼ14 days) system score to assess the degree of healing and infection of the surgical wound. [22] [23] [24] This scoring method is based on objective, scored, multidimensional parameters, where a greater linear change indicates a greater likelihood of SSI and healing disturbances.
STATISTICAL ANALYSIS
We used SPSS version 11.5 statistical software (SPSS Inc, Chicago, Illinois) to assist with data analysis. We used the 2 test to evaluate the trial groups, the variation in antibiotic treatment, the use of preoperative imaging modalities, and the comparison of operative findings. We used the t test to evaluate statistical significance regarding parameters such as age, clinical data obtained on patient admission, preoperative laboratory blood test results, duration of surgery, length of hospital stay, and various intraoperative variables including arterial blood gases. We found the independent t test to be statistically appropriate for evaluation of length of hospital stay (a parameter that is not normally distributed) owing to the large size of the study groups (central limit theorem). We used the Fisher exact test to compare the medical background between the trial groups, the intraoperative findings, SSI, and postoperative complications. We used the Wilcoxon rank sum test for comparison of ordinal data to evaluate wound healing according to the ASEPSIS score. PϽ.05 was considered statistically significant. The decision to conclude the study at this stage was made owing to recent major changes in professional personnel in the departments of surgery and anesthesiology (avoiding strict adherence to the protocol) and the impression that statistical results had already been obtained. There were no significant differences between the groups in sex, age, medical history, and clinical presentation ( Table 1) . Parameters such as smoking history, obesity, timing of perioperative antibiotic administration, and abdominal shaving (in the operating room) as well as laboratory results were similar in both groups. Intraoperative hemodynamic parameters and intraoperative findings were not statistically different either ( Table 2 ). The recordings of partial pres- sure of oxygen in arterial blood were significantly higher in the study group (receiving supplemental oxygen) during the initial and late stages of surgery and during the stay in the recovery room, as expected (Table 2) .
RESULTS
From
Six cases of SSI were recorded in our study group (5.6%) in comparison with 14 cases (13.6%) in the control group (P= .04) ( Table 3 ). Among those 6 SSIs in the study group, 4 needed wound exploration; 8 of 14 SSIs in the control group needed wound exploration (P Ͼ.99). One SSI occurred in the subgroup of patients with phlegmonous appendicitis (among 63 patients) in the study group in comparison with 6 SSIs among 60 patients in the control group (P=.049). Concerning the subgroup of gangrenous appendicitis, 3 of 22 patients (13.6%) had SSI in the study group, contrasting with 8 of 21 patients (38.1%) in the control group (P = .06). Concerning the ASEPSIS score of wound healing, which specifies the type and grading of SSI, a significant difference was also recorded between the 2 subject populations (P =.03) ( Table 4) .
The mean hospital stay was significantly longer in the control group (2.92 days) compared with the study group (2.51 days) (P=.01) ( Table 3) .
COMMENT
We have demonstrated a statistically significantly decreased rate of SSI following administration of supplemental oxygen in patients undergoing surgery for acute appendicitis. In addition, the hospital stay was significantly shorter in the study group (receiving supplemen- tal oxygen), while the background parameters relating to laboratory results and clinical presentation as well as population characteristics were without significant difference between the 2 groups. We used the ASEPSIS scoring method, which has many advantages in clinical trials and is considered to be an objective, reliable, and reproducible method of surgical wound assessment, making it applicable to all forms of surgery. It takes into account a large multidimensional number of easily made assessments for final classification. [22] [23] [24] This score allows assessment of clinical and economic consequences (as it also relies on the length of hospital stay and the use of antibiotics) and is applicable to clinical trials. However, it should be said that there are variations in estimated percentage of wound infection among the most common definitions of SSI. 25 As noted earlier, the medical data concerning the influence of supplemental oxygen on SSI are controversial, and the reasons are most likely multifactorial. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] The use of different SSI definitions may in part be responsible for such discrepancy. 25 Another aspect is the interplay of different factors that are needed for wound healing such as normothermia and adequate fluid supply. Without strict adherence to the optimal perioperative protocol, vasoconstriction may ensue and reduce the effect of tissue oxygenation. 26 Standard methods of postoperative care are also important factors. 19 Statistical consideration such as power calculation for sample size can also affect the data interpretation. 21 The most important factor, in our opinion, that explains the mixed literature is the heterogeneity of the different study populations, including mixed types of diseases and operative procedures (gastrointestinal tract, gynecological, and even colorectal surgery) that are associated with various types of perioperative anesthetic care. Our study adds to the literature as it overcame the main factor responsible for the mixed data related to SSI. Our study population is relatively homogeneous in contrast to the recently published randomized, controlled studies dealing with supplemental oxygen and SSI as it includes 1 type of operation (open appendectomy), a single diagnosis (acute appendicitis), and uniformity of the surgical wound, located in the right lower quadrant of the abdomen. Accordingly, we expect our results to offer a better indication regarding the effects of normobaric hyperoxia in clean-contaminated surgical operations.
Although in most cases SSI is graded as a minor postoperative complication according to the common severity classifications of postoperative complications, it may pose a significant clinical problem for the patient as well as for the community in general. 27 As it is common to leave the surgical wound wide open for delayed primary suture in cases of gangrenous appendicitis, our results (including a significant reduction of SSI in the subgroups of patients with phlegmonous and gangrenous appendicitis) indicate a preferable option of suturing the wound in such cases while pro- viding supplemental oxygen, without significantly increasing SSI. There are several rationalizations for the beneficial perioperative use of supplemental oxygen to reduce SSI. It is well known that the ability of the neutrophil to eradicate bacteria is mediated by its oxidative killing capabilities, depending on the creation of bactericidal superoxide radicals from molecular oxygen. 28, 29 Consequently, it is expected that increased oxygen tension will lead to improved phagocytic activity and hence to reduced SSI. 12, 13 In addition to augmentation of the bacteria-killing activity by leukocytes (which is impaired under a hypoxic atmosphere), hyperoxia also exerts direct bacteriostatic and bactericidal activity mostly on anaerobic bacteria. An additional explanation for SSI reduction is the role of oxygen in improving wound healing, mainly by facilitating crucial steps such as fibroblast proliferation, angiogenesis, and increased tissue perfusion. [30] [31] [32] In light of reduced oxygen tension in the surgical wound due to hemodynamic changes during anesthesia and the interruption of the blood supply by surgery itself, increasing tissue oxygen tension would be expected to ameliorate SSI. 28 On the other hand, hyperoxia may cause adverse reactions by increasing free radical content, potentially leading to oxidative stress and consequently resulting in cellular malfunction, DNA and protein injury, increased lipid peroxidation, and apoptosis. 15, 33, 34 The involvement of oxygen in wound healing and tissue inflammation is even more complex as the inflammatory process is multifaceted. Especially relevant are the changes that occur in a relatively low-oxygen-tension environment (comparable to the surgical wound during surgery for an inflammatory process) in which the hypoxiaresponsive transcription factor (hypoxia-inducible factor 1␣ [HIF-1␣]) plays a major role. [35] [36] [37] The macrophages and neutrophils depend on HIF-1␣ for early inflammatory infiltration under a hypoxic atmosphere and for the regulation of anaerobic energy production by glycolysis. 36 Consequently, it may be deduced that supplemental oxygen exerts indirect effects on the inflammatory response by ameliorating tissue hypoxia, which serves as a key trigger of inflammation. Additionally, the hypoxic environment is left somehow unnecessary following resection of the inflammatory source (the appendix) together with effective antibiotic therapy. Another postulated mechanism for the beneficial aspects of hyperoxia combines it with reduced nitric oxide production. 37 Recent studies have demonstrated a beneficial influence of hyperoxia by hyperbaric oxygen in diverse models of ischemia-reperfusion, protecting against oxidative stress. 32, [38] [39] [40] The mechanism involves interference with several steps during proinflammatory processes following ischemia-reperfusion such as disturbances in polymorphonuclear leukocyte rolling and adherence to endothelial cells and the production of free radicals. Hyperoxia was also demonstrated to reduce the expression of endothelial adhesion molecules such as Eselectin and intercellular adhesion molecule 1 and to increase the production of superoxide dismutase and nitric oxide, subsequently leading to decreased oxidative stress and impaired polymorphonuclear leukocyte function. [41] [42] [43] All of these points exhibit direct inhibitory effects of oxygen on various steps of the inflammatory process, in addition to its indirect effect by reversing tissue hypoxia. 44, 45 The analogy of those recent studies dealing with supplemental oxygen to our study is not inclusive as most studies were done under hyperbaric oxygen, and the tissue oxygen tension should be considered to be higher. However, some of those prospective randomized trials done under normobaric hyperoxia support the beneficial influence of supplemental oxygen on SSI. [12] [13] [14] The amount of physically dissolved oxygen in the blood increases in direct proportion to the ambient oxygen partial pressure, but to a lesser extent in comparison with the amount of dissolved oxygen under hyperbaric hyperoxia. However, it seems that such an increase is enough to provide its benefits to SSI. We may speculate that by increasing the amount of dissolved oxygen, the rate of postoperative SSI would be reduced even more; however, a prospective, randomized study is needed for validation of this.
In this context, an additional explanation of the reduced rate of SSI in our study group (with supplementary oxygen and room air) may stem from the avoidance of the adverse effects related to the use of nitrous oxide. 14 One study limitation is the relatively small number of participants, although the major analyses have reached statistical significance. It should be mentioned that although the rate of SSI reached statistical significance (P=.04), using the 2-tailed Fisher exact test will lead to P = .06. Another point is the relatively lower-thanexpected partial pressure of oxygen during the stay in the recovery room, maybe owing to less-than-optimal adherence by the anesthesiologists to the oxygen supplementation breathing protocol. As this is a doubleblinded study, we did our best to reduce our active involvement during the stages of surgery to decrease bias. However, our results that point to a decreased rate of SSI even under moderate hyperoxia strengthen the argument in favor of the beneficial effects of supplemental oxygen on wound healing.
In conclusion, we have demonstrated that the use of supplemental oxygen is advantageous in operations for acute appendicitis. As this is the most common emergent operation in general surgery, decreasing the rate of SSI carries significant clinical and economic gains. In addition, as our study was conducted in a relatively homogeneous study population, our results support the beneficial effects of supplemental oxygen in cleancontaminated surgery in general.
